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Ferroelectric thin films (~L2 /xm) of Ba^Srj -^TiC^ with gradients in composition normal to the 
growth surface were formed on platinum substrates by metalorganic decomposition. Effective 
(pseudo) pyroelectric coefficients as large as 0.06 jjC/cm 2 K have been obtained from these active 
ferroelectric devices under the application of an ac field (charge pumping). In contrast, a value of 
only -0.003 /LtC/cm 2 K has been measured for the conventional pyroelectric coefficient. © 1998 
American Institute of Physics. [S002 1-8979(98)031 18-1] 



INTRODUCTION 

Currently available infrared detectors can be divided into 
two main classes, photon and thermal detectors. In photon 
detectors the absorption of infrared photons causes the re- 
lease of free electrons (or holes) within the sensing element. 
Typically a photoconductive or a photovoltaic p-n junction 
is made from mercury cadmium telluride (MCT) or a Si- 
Pt-Si Schottky barrier. In order to suppress thermal excita- 
tion of free carriers, photon detectors must be cooled to tem- 
peratures well below room temperature. The most widely 
used photon detector, Cdo.2Hgo.8Te operating in the 8-12 
fim atmospheric window, must be cooled to liquid nitrogen 
temperature, 77 K, for optimum performance. 1 Thermal de- 
tectors, on the other hand, usually require single stage cool- 
ing around room temperature, although they can operate ad- 
equately over a wide range of temperatures. The tradeoff, 
however, is that the sensitivity of thermal detectors is greatiy 
inferior to that of photon detectors and therefore have (so far) 
been limited to applications that do not require extremely 
high sensitivity or fast response, such as surveillance, fire 
fighting, and low contrast thermal imaging. 

The most efficient thermal detectors are made from 
ferroelectric materials operating as pyroelectrics. 2 The inci- 
dent photon flux is first absorbed and converted into a tem- 
perature variation which induces a change in the dipole mo- 
ment volume density (polarization) of the material. 
Concurrently, an induced voltage difference across the detec- 
tor (operating as a capacitor) proportional to the variation in 
temperature will exist as a result of the change in the surface 
charge density. 3 Ferroelectric thermal detectors are usually 
designed as "hybrid solder bump ,, structures and formed 
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from single crystal ferroelectrics operating either well below 
transition temperature (T c ) or near the transition temperature 
under a dc electric field bias. 4 The former, e.g., LiTa0 3 , are 
characterized by low permittivity, high voltage response, and 
good stability, and are mainly used for large area detectors. 
The latter, such as potassium tantalum niobate (KTN), 
barium strontium titanate (BST) and La doped lead zirconate 
titanate (PZT), are based upon the induced pyroelectric effect 
near the phase transition of these materials. The transition 
temperature can be varied by appropriately varying the ratios 
of the chemical constituents. Because of this latter property, 
the maximum infrared response can be adjusted over a wide 
range of operating ambient temperatures. For example, maxi- 
mum room temperature infrared response for BST single 
crystals occurs at a Ba/Sr ratio of 65/35, where a sharp maxi- 
mum in dielectric constant, typically 30 000, is observed. 4 

A new infrared detection system based on graded ferro- 
electric devices "(GFDs) is currently being investigated at the 
General Motors Research and Development Center. 5 "" 7 This 
work is motivated by the need to develop new materials that 
can be directly deposited in thin film form with high pyro- 
electric sensitivity compared to single crystal infrared detec- 
tors. Detectors made from polycrystalline ferroelectric thin 
films, compared to single crystal or bulk ceramic materials, 
are easier to fabricate and thus have the advantage of lower 
fabrication cost, although they currently show lower respon- 
sivity due to their lower pyroelectric coefficients. 8 

The first graded ferroelectric device was made from 
KTN films formed on platinum coated polycrystalline yttiria 
by metalorganic decomposition (MOD.) 5 More recently 
GFDs were made from BST films formed on platinum using 
the same deposition technique. 9 In these structures there is a 
dipole moment density gradient normal to the growth surface 
resulting from a gradient in composition. 

© 1998 American Institute of Physics 
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When polarization graded ferroelectric films are excited 
with a strong periodic electric field, a quite distinct vertical 
shift in the displacement (AD) versus field (£) hysteresis 
loop is observed along the displacement axis, i.e., charge 
pumping. The magnitude and sense of these shifts are a func- 
tion of the maximum applied field, the temperature, and the 
polarization gradient. An effective (pseudo), pyroelectric co- 
efficient has been defined as 9 . 



Before Annealing 



Peir=j- 



l <*(Afi) 



dT 



(1) 



Here, A Q is the change in offset charge stored on the sam- 
pling capacitor and measured from the hysteresis loops, A T 
is the change in temperature, and A is the active device area. 
It has been predicted 9 that p ef f~~E*(Vc/c 0 ), where Vc is the 
composition gradient and E is the maximum applied periodic 
field, and y^4. As reported elsewhere, 5 the effective pyro- 
electric coefficient obtained from a 9.8 /-im thick graded 
KTN was (-10 fiC/cm 2 K), many orders of magnitude 
greater than the conventionally measured pyroelectric coef- 
ficients obtained from the same graded KTN structure as 
well as that obtained from homogeneous KTN films with 
similar thickness. In this article we describe the steps in- 
volved in making a 1.2 jim thick graded BST film formed on 
platinum using MOD. A comparison between the pyroelec- 
tric coefficients obtained from rate of change of relative per- 
mittivity and polarization with temperature (or "conven- 
tional pyroelectric coefficient' ') and the pyroelectric 
coefficients measured from the shift in the hysteresis loops 
(or "effective pyroelectric coefficients'') for these structures 
is given. 



EXPERIMENT 

Metalorganic decomposition is a simple, low-cost, non 
vacuum technique for making thin films. 6 ' 10 In our study, two 
multimetal carboxylate precursor solutions were prepared 
from barium and strontium neodecanoates (solid) and tita- 
nium IV 2-ethylhexoxide (liquid). The chemicals were com- 
bined in the proper proportions to obtain the desired stoichio- 
metric balance. Xylene and neodecanoic acid were added to 
adjust the viscosity and to maintain the consistency of the 
metalorganic solutions. Three solutions in the proportions 
Ba:Sr:Ti=0.9:0.1:l, 0.8:0.2:1, and 0.7:0.3:1 were prepared 
by mixing together set amounts from each of the BaTi0 3 and 
SrTi0 3 solutions. GFD structures were formed on 1/2 in. 
Xl/2 in. platinum substrates by sequentially depositing two 
layers of each composition onto each substrate. The BaTi0 3 
layers were deposited first and the Bao. 7 Sr 0 3 Ti0 3 layers de- 
posited last. The film formation process starts by dispensing 
the liquid metalorganic solution onto the substrate followed 
by its rapid rotation at a rate of 4000 rpm for 30 s. The 
remaining solvents in the film were removed by prebaking 
the sample for 2 min in air on a hot plate set at 150 °C 
surface temperature. Pyrolysis was carried out for 3 min in 
an air muffle furnace set to a temperature of 600 °C. The 
above process was repeated for each subsequent layer; see 
Fig. I. Final anneals were carried out in flowing oxygen at 
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FIG. 1. Schematic of the BST GFD structure prior to and after annealing. 



1000 °Cfor 30 min. The film thickness was measured with a 
Dektak 330 profilometer and found to be approximately 1.2 
fim thick. 

To complete the GFD structures, 0.02 cm 2 circular elec- 
trodes were deposited onto the film. Each electrode consisted 
of a 600 A thick chromium layer (deposited first) followed 
by a 3000 A thick gold layer. Small signal ac capacitance 
and dissipation versus temperature measurements were made 
under vacuum using a Hewlett-Packard 4 192 A LCR imped- 
ance analyzer. The temperature was regulated within 
±0.05 °C with an MMR Technologies, Inc. low temperature 
microprobe station. A modified Sawyer-Tower hysteresis 
circuit was used to measure the spontaneous polarization 
(P s ), remnant polarization (P r ), and the coercive field (E c ) 
at various frequencies and excitation levels. 6,9 The above 
measurements were carried out as a function of temperature 
in the range of -40 to 100 °C. 

RESULTS AND DISCUSSION 

In the absence of internal and external strains, the mac- 
roscopic electric displacement, D, of a ferroelectric material 
can be written as the sum of two terms, D = eE+ P s . Here, e 
is the permittivity of the material and P 5 is the spontaneous 
polarization. Of primary interest for pyroelectric materials is 
the electrical response (i.e., the displacement of electric 
charge) of the material due to a change in temperature. For 
constant electric field the conventional pyroelectric coeffi- 
cient is defined as 



(2) 
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FIG. 2. Relative permittivity (€/e 0 ) of the BST GFD structure as a function 
of temperature. 
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FIG. 4. Vertical shift of the D vs E hysteresis loops (A@ = AD A, with A 
the device area) for the BST GFD structure as a function of temperature. 



A broad peak in the permittivity plot centered at the 
transition temperature is normally observed in homogeneous 
BST films with grain sizes on the order of 0.1 fim. In our 
BST GFDs the dielectric constant decreased continuously 
with increasing temperature as shown in Fig. 2, an expected 
result. 5 " 7 Prior to annealing, the GFD structure can be 
thought of as formed from different ferroelectric layers, each 
with a distinct transition temperature. If these layers were to 
remain unaffected by the annealing process, i.e., little or no 
chemical diffusion occurs between layers, one would expect 
to see the individual peaks corresponding to each transition 
temperature, although highly broadened. However, a prereq- 
uisite to achieve "charge pumping" is that the change in 
composition or polarization in the GFD films must continu- 
ously and smoothly vary through film thickness. Thus, an- 
nealing the GFDs at relatively high temperatures (1000 °C) 
was necessary to form the composition gradient as well as to 
enhance grain growth. Chemical analysis after annealing of 
the GFDs using x-ray photospectroscopy (XPS) depth profil- 
ing shows that the Ba/Sr ratio varies monotonically with 
depth through the device. 

A plot of the spontaneous polarization, P s , versus tem- 
perature, Fig. 3, shows a decrease in polarization density 
with increasing temperature, in contrast to the sharp drop in 
polarization observed in single crystal and high quality ce- 
ramic ferroelectric materials at their transition temperature. 
The values obtained for P s in BST GFDs are an order of 



magnitude less than those obtained in a previous study on 
homogeneous barium titanate and BST films prepared under 
similar conditions. 6 As the temperature increases, the loss 
tangent remains more or less constant at the relatively small 
value of 0.015. 

The change in surface charge of the BST GFDs when 
excited with an ac signal is Ag = C in AV, where is a 0.1 
ftF sampling capacitor connected in series with the BST 
GFD in the Sawyer-Tower circuit, and A V is the vertical 
shift in the hysteresis loops measured in volts. Figure 4 
shows the dependence of the hysteresis shifts on temperature 
when excited with a 1 kHz @5 V^l/jm sinusoidal field. 
Between -50 and -30 °C, the charge generated at the sur- 
face of the sampling capacitor slowly varies with tempera- 
ture, while a sharp increase in Ag was observed between 
-30 and 25 °C. Finally, Ag was essentially constant in the 
interval between 25 and 100 °C. 

Unlike homogeneous BST films, the BST GFDs in this 
study were formed from a range of compositions and thus 
did not have a single ferroelectric transition temperature, but 
rather an associated range of transition temperatures with 
upper and lower values corresponding to that of BaTi0 3 
(T c = 130 °C) and Bao.vSrojTiOa (T c = 25 °C), respectively. 

The conventional pyroelectric coefficient, as calculated 
from Eq. (2), with an applied field of 5 V^/fim is shown in 
Fig. 5. It has a negative sign and its magnitude increases with 
increasing temperature. At room temperature the absolute 
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FIG. 3. Spontaneous polarization (P s ) of the BST GFD structure as a func- 
tion of temperature. 
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FIG. 5. Conventionally measured pyroelectric coefficient (p) and effective 
pyroelectric coefficient (p efr ), for the BST GFD structure as a function of 
temperature. 
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value of p is 0.003 /xC/cm 2 K. This value is an order of 
magnitude smaller than that obtained for homogeneous BST 
70/30 thin films 6 (p = 0.045 /iC/cm 2 K) and several orders of 
magnitude smaller than that observed in homogeneous BST 
65/35 single crystals and ceramics 211 which have values in 
the range of 0.1 to 23 /xC/cm 2 K. 

The effective pyroelectric coefficient, defined in Eq. (1), 
can be easily estimated from Fig. 4. A plot of p eff versus 
temperature is shown in Fig. 5. The effective pyroelectric 
coefficient has a maximum value of 0.06 /uC/cm 2 K at T 
= - 10 °C with an E 3 9 dependence in agreement with theo- 
retical prediction. 9 For BST GFDs, at low temperatures, the 
difference from the conventional coefficient is significant 
and reaches a maximum value of p e ff/p = 30 at T 
= - 10 °C. At higher temperatures the effective pyroelectric 
coefficient value decreases continuously and slowly ap- 
proaches the value of the conventional pyroelectric coeffi- 
cient. 

In the present study, the advantage of using the effective 
pyroelectric coefficient in BST GFDs over that of the con- 
ventional effect in homogeneous BST films is clearly not 
significant. However, it should be mentioned here that the 
main objective in fabricating these films was not to optimize 
this effective pyroelectric coefficient but rather to demon- 
strate how an effective pyroelectric coefficient could be de- 
rived from the charge pumping action observed in graded 
BST films. The strong dependence of the pyroelectric coef- 
ficient on applied field 9 indicates that with even a slight in- 
crease in applied voltage across the GFD film a significantly 
greater pyroelectric coefficient could be obtained. Increases 
in field were, however, not possible for these GFDs as an 
increase in field beyond the reported 5 V^/fAm led to field 
breakdown. 

Polycrystalline BST GFD thin film represents a signifi- 
cant approach in the quest to find a method of combining the 
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advantages of low-cost thin film processing with the high 
sensitivity of bulk ceramic and single crystal materials. It is 
clear, however, that there are several obstacles that must be 
overcome before these results can be utilized in a ready- for- 
market device. A major impedement associated with this 
method of forming GFDs is the high annealing temperature 
necessary to form the composition gradient together with the 
formation of only a limited step-variable polarization gradi- 
ent, thus making the BST GFDs fabrication process used in 
this study incompatible with conventional silicon integrated 
circuit technology. A study is currently underway, however, 
to determine how such factors as film thickness, composition 
gradient, magnitude, and frequency of the applied voltage 
can be manipulated in a controlled manner to produce an 
optimum effective pyroelectric coefficient. 
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Thin-film lead-zirconate-titanate (PZT) capacitors with composition gradients normal to the 
substrate were fabricated via a novel technique using pulsed laser deposition. These -capacitors 
exhibited large polarization offsets when driven by an alternating electric field. The direction of the 
offsets depended on the direction of the gradient with respect to the substrate. The largest offset, 
greater than 400/iC/cm 2 when driven with a 50 V/fim field, was nearly an order of magnitude 
greater than any reported for other graded ferroelectric films. This difference is attributed to both the 
high spontaneous polarization of PZT and the high-quality films obtained by pulsed laser deposition. 
© 1998 American Institute of Physics. [S0003-6951(98)01609-X] . 



Recently, ferroelectric films with composition gradients 
normal to the substrate have been reported to exhibit striking 
new properties 1,2 not observed in conventional ferroelectric 
films. These properties have not yet been fully explored, are 
not well understood, and may lead to a wealth of new device 
applications. The most notable property of these graded 
ferroelectric devices, or GFDs, is the large dc polarization 
offset they develop when driven by an alternating electric 
field. Furthermore, the direction of the offset is related to the 
direction of the composition gradient with respect to the sub- 
strate. These offsets have been reported to have a strong 
temperature dependence 2 giving rise to possible pyroelectric 
applications in addition to other potential sensor, actuator, 
and energy converter applications. 

The composition gradients found in early GFDs were not 
intentional. They were merely artifacts of the processing 
method 1 and, thus, difficult to reproduce. Quite recently, 
however, (Ba,Sr)Ti0 3 (BST) films fabricated with inten- 
tional composition gradients have been reported. 2 The gradi- 
ents were achieved by depositing discrete layers of BST with 
varying compositions via metallo-organic deposition, a 
spin-on method. Formation of a smooth gradient relied on 
subsequent high-temperature annealing to facilitate interdif- 
fusion of the discrete layers. These graded BST devices have 
exhibited polarization offsets as large as 60 /-iC/cm 2 when 
driven by a 7 V//im alternating field. This polarization offset 
is an order of magnitude greater than values of spontaneous 
polarization typically observed in conventional BST films. 3 

The primary inquiry of the research reported here was 
whether compositionally graded Pb(Zr,Ti)0 3 (PZT) films 
would exhibit similar polarization offsets when driven by an 
alternating electric field. A secondary hypothesis was that the 
greater spontaneous polarization of PZT 4 and the fabrication 
of highly epitaxial films using pulsed laser deposition 5,6 
would result in larger polarization offsets than those ob- 
served in the graded BST devices. Furthermore, the forma- 
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tion of the composition gradient required no high- 
temperature anneal making it suitable for integration with 
silicon technology. 

The composition gradient was achieved by means of a 
novel technique for growing compositionally varied 
multilayer structures using pulsed laser deposition. The 
deposition method employed two half-targets with composi- 
tions of PbZro.75Tio.25O3, PZT (75/25), and PbZro.55Tio.45O3, 
PZT (55/45). The half-targets were placed adjacent to one 
another with the interface at a 45° angle to the vertical. The 
laser beam was then rastered across the target horizontally 
while its vertical position was incrementally increased after 
each horizontal scan as shown in Fig. 1. For each horizontal 
scan a combination of discrete layers of either composition 
was deposited. Initially, a layer of PZT (75/25) was depos- 
ited. During the next scan a thin layer of PZT (55/45) was 
deposited as well as a layer of PZT (75/25). With each suc- 
cessive scan the layers of PZT (75/25) deposited became 
thinner while those of PZT (55/45) deposited became 
thicker, ending with a final layer of PZT (55/45). For con- 
venience, films with Zr/Ti ratios varying from PZT (75/25) 
at the substrate to PZT (55/45) at the top surface will be 
referred to as "up" or "up-graded." Films with the opposite 
gradient will hereafter be referred to as "down" or "down- 
graded." In this manner, both up-graded and down-graded 
films were deposited on Pt-coated Si substrates held at 
600 °C in 300 mTorr of 0 2 . A total of 15 horizontal scans on 




FIG. 1. Method using pulsed laser deposition to grow a compositionally 
graded film. Laser is raster controlled to follow the pattern on target shown. 
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FIG. 2. Auger depth profile showing Zr and Ti content for a typical "down- 
graded" film. 

the target were performed resulting in a film thickness of 0.3 
fjm. Top electrodes, an array of 50 jxm by 50 jum Pt pads, 
were formed via photolithography and sputtering. A small 
section of the substrate was masked off during deposition to 
allow access to the bottom Pt electrode. 

The relative Zr/Ti concentration of the films as a func- 
tion of depth was determined using a combination of Auger 
electron spectroscopy and ion milling to construct a depth 
profile. X-ray diffraction was used to determine crystallinity 
and orientation of the films. Hysteresis loops (polarization 
versus applied field) were measured using a modified 
Sawyer-Tower circuit 7 dc coupled to a digitizing oscillo- 
scope using a 1 kHz sinusoidal driving field that varied from 
0 to ±50 V/jLim (100 V//xm peak to peak). 

The results of Auger depth profiling are shown in Fig. 2. 
The resulting plot is the relative concentration of Zr and Ti, 
as a function of depth for a typical down-graded film. The 
depth profile indicates that the deposition method produces 
smooth, linear composition gradients, either from PZT 
(75/25) to PZT (55/45), or vice versa. X-ray diffraction 
measurements were also consistent with the presence of a 
range of compositions in the films rather than discrete layers 
of PZT (55/45) and PZT (75/25). The (200) peak of the 
up-film is shown in Fig. 3 along with the (200) peaks for 
conventional 55/45 and 75/25 films. It is known that the 
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FIG. 4. Polarization offsets of the (a) "up-graded" and the (b) "down- 
graded" films. 

positions of the x-ray peaks for PZT shift with composition. 8 
This is evidenced by the two distinct peaks from 55/45 at 
2(9=44.65° and 75/25 at 2(9=44.15°. The peak from the 
graded film, however, is broad and centered at 2 0= 44.45°, 
which is consistent with a film having a range of composi- 
tions between PZT (55/45) and PZT (75/25). It should be 
mentioned that the films were highly (111) oriented but in- 
terference from the (1 1 1) Pt (substrate) peak precluded using 
the (1 1 1) PZT peak for the analysis above. 

The results of the hysteresis loop measurements are 
shown in Fig. 4(a) for the up-graded film and in Fig. 4(b) for 
the down-graded film. Upon application of a nonzero driving 
field, the hysteresis loops measured for the graded films im- 
mediately began to translate along the polarization axis 
reaching some equilibrium offset after a few seconds. The 
loops for the up-graded film translated along the positive 
polarization axis while those for the down-graded film trans- 
lated along the negative polarization axis. These translations, 
or polarization offsets, increased monatonically with driving 
field as shown in Fig. 5 for a typical up-graded film. 




20 30 40 
Driving Field (V/\im) 



FIG. 3. X-ray diffraction showing (200) peaks of PZT (55/45), PZT 
(75/25), and "up" films. Peak of "up" film is broad and centralized indi- 
cating that a range of compositions between PZT (55/45) and PZT (75/25) FIG. 5. P offsei vs driving field . Note the power-law dependence when 
is present. * the driving field exceeds the coercive field. 
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The offsets increased gradually at low fields. When the driv- 
ing field was increased beyond 25 V//zm, near the typical 
coercive field for PZT films, the offsets greatly increased, 
displaying a power-law dependence on the field given by 
^offset^Lx- The largest observed offset, more than 
425 /LtC/cm 2 is nearly an order of magnitude greater than any 
observed in other graded devices. 1,2 

While asymmetric hysteresis behavior has been observed 
in conventional films, it has been associated with low resis- 
tance and asymmetrical I-V characteristics. 9 By contrast, 
the graded films discussed here displayed extremely low dc 
leakage currents, nearly 100 pA with ± 10 V applied (10 Gft 
resistance). In addition, their /- V characteristics were sym- 
metric, which indicates that the polarization offsets are a 
dynamic rather than static phenomenon. The offset is devel- 
oped only when an alternating voltage is applied while a dc 
voltage results only in nominal leakage current. 

It was shown that compositionally graded PZT films ex- 
hibited large polarization offsets when driven by an alternat- 
ing electric field. The offsets were nearly an order of magni- 
tude greater than those observed in graded BST devices. This 
difference is likely due to two factors. First, the spontaneous 
polarization observed in PZT films ( — 30 yaC/cm 2 ) is an or- 
der of magnitude greater than that typically observed in BST 
films. Second, the method employed to fabricate the PZT 
devices resulted in highly oriented, smoothly graded films. 
Furthermore, the polarization offsets displayed a strong 
power-law dependence on the applied field when driven with 
fields above the coercive field. The evidence suggests, then, 
that the mechanism responsible for the polarization offset 
requires a smooth composition gradient and is a function of 
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the spontaneous polarization of the ferroelectric material. 
This is consistent with one proposed model for graded ferro- 
electric devices. 10 A broader understanding of graded ferro- 
electric materials is needed, however, in order to fully ex- 
ploit their properties in novel device applications. To this 
end, future experiments are planned to investigate the depen- 
dence of the polarization offsets on driving frequency and 
temperature. 
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